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Septic shock is commonly caused by gram-negative bacteria and their characteristic cell wall component, LPS, and exemplified with life-threatening cardiovascular depression with a high mortality rate (27) . While the high mortality rate may result from multiorgan failure and multisystem malfunction, acute renal failure occurred during sepsis independently increases mortality (22) . Regardless of the importance of the kidney in the survival during sepsis, pathogenesis of acute renal failure induced by endotoxin is poorly understood.
TRPV1-positive sensory nerves are widely distributed in the kidney (34) and play a significant functional role in mediating renal function. It has been shown that sensory nerve degeneration following neonatal capsaicin treatment or surgical denervation of sensory nerves innervating the kidney impairs sodium excretory function of the kidney in response to sodium loading (21, 31) , suggesting that intact function of TRPV1-positive sensory nerves is required for the kidney to operate normally in the face of salt loading. It is unknown, however, whether TRPV1 is activated and plays a role in mediating renal inflammatory responses to LPS and LPS-induced renal damage. In the present study, TRPV1-null mutant (TRPV1 Ϫ/Ϫ ) or wildtype (WT) mice were used to test the hypothesis that TRPV1 serves as a protective molecule against LPS-induced renal injury possibly via alleviating the inflammatory responses of the kidney.
MATERIALS AND METHODS

Animals.
All of the experiments were approved by the Institutional Animals Care and Use Committee. TRPV1 Ϫ/Ϫ mice backcrossed six generations on a C57/BL6 strain were generously provided by Dr. David Julius (University of California, San Francisco, CA). These TRPV1 Ϫ/Ϫ mice have been well characterized with impaired nocice-ption and pain sensation in the absence of other apparent phenotypes (5). Ten-week-old male TRPV1 Ϫ/Ϫ mice or C57/BL6 as WT control mice (weighing ϳ26 to 28 g) were used in this study. Mice were maintained on a standard rodent chow and had free access to water throughout the experiment.
Experimental protocols. WT and TRPV1 Ϫ/Ϫ mice were intraperitoneally injected with 3 mg/kg of LPS derived from Escherichia coli (Sigma Chemical, St. Louis, MO). This dose was chosen given because our preliminary data showed that this dose caused observable nephrotoxicity without apparent changes in blood pressure determined by radiotelemetry. Mice were euthanized 6 or 24 h after LPS injection for collection of blood for serum, and the samples were stored at Ϫ80°C for cytokine and creatinine assays. One kidney was frozen in liquid nitrogen for chemokine assays and Western blot analysis of adhesion molecules, and the other kidney was fixed in 4% paraformaldehyde solution for histological analysis.
To further determine the effect of TRPV1 on LPS-induced renal inflammatory responses, LPS (3 mg/kg ip) was bolus injected into conscious WT and TRPV1
Ϫ/Ϫ mice with or without the selective TRPV1 antagonist capsazepine (3 mg/kg ip, CAPZ, Calbiochem, San Diego, CA) that was given 20 min before LPS injection. The effectiveness of the dose of CAPZ was verified by blockade of the hypotensive response to capsaicin (30 g/kg), a selective TRPV1 agonist (32) . CAPZ was dissolved in dimethyl sulfoxide (10%, vol/ vol), Tween-80 (10%, vol/vol), and normal saline. Control WT and TRPV1 Ϫ/Ϫ mice received vehicle injection. The mice were euthanized 6 h after LPS injection for collection of blood for serum that was stored at Ϫ80°C for cytokine assay and for kidneys that were fixed in 4% paraformaldehyde solution for immunohistostaining.
Mean blood pressure and heart rate assay. Mean arterial pressure (MAP) and heart rate (HR) were determined using the telemetry system (Data Sciences International, St. Paul, MN) following the manufacturer's instruction. Briefly, the mice were anesthetized with ketamine and xylazine (80 and 4 mg/kg sc, respectively). The catheter linked to the transmitter was inserted into the left carotid artery and the transmitter body placed subcutaneously in the lower right side of the abdomen. The skin incisions were then closed. The mice were returned to their individual cages and allowed recovery for 6 days before the start of the radiotelemetric recording. On day 7, MAP and HR were recorded continuously 4 h before and 24 h after LPS administration.
Histological analysis. Paraformaldehyde-fixed and paraffin-embedded kidneys were sectioned at 4 m and stained with hematoxylin and eosin using the standard method. These sections were viewed with a light microscopy at ϫ200 magnification to determine general tissue morphological changes in control and LPS-treated TRPV1 Ϫ/Ϫ and WT mice.
Immunohistochemistry. Renal neutrophil or macrophage infiltration was analyzed in 3-m-thick paraffin-embedded sections obtained 6 or 24 h after LPS treatment. Sections were mounted on glass slides, deparaffinized, and rehydrated. The sections were then treated with 3% hydrogen peroxide for 5 min and blocked with 3% normal horse serum in phosphate buffer solution for 1 h. Rat anti-mouse monoclonal antibody to neutrophil (1: 200, Oxford, UK) or macrophage (1: 400, Oxford, UK) was used for an overnight incubation at 4°C. After the sections were washed, horse anti-rat IgG-horseradish peroxidase (Vector Laboratories, Burlingame, CA), diluted 1:400, was applied and incubated for 1 h at room temperature, and visualized by incubating the sections with the substrate vector fast red or 3,3=-diaminobenzidine (Vector Laboratories). The sections were counterstained with hematoxylin. Negative control experiments were performed by omitting the primary antibody during incubation.
Neutrophil or macrophage infiltration was quantitatively assessed on immunohistochemical-stained section in a blind fashion under ϫ400 magnification. At least 10 fields were counted in the cortex for each slide, and the number of positive cells was expressed as cells per square millimeter.
Creatinine assay. Serum creatinine concentration was assayed by the use of an improved Jaffe creatinine assay kit (BioAssay Systems, Hayward, CA).
Cytokine-chemokine assay. Levels of tumor necrosis factor (TNF)-␣, IL-1␤, and IL-6 in serum and protein levels of keratinocyte-derived chemokines (KC) and macrophage inflammatory protein (MIP-2) in kidneys were determined using the corresponding ELISA kit (R&D Systems, Minneapolis, MN) following the manufacturer's instruction. Fifty or less microliters of serum were used for the TNF-␣, IL-1␤, and IL-6 assay. For determination of KC and MIP-2 contents, whole kidneys were homogenized in ice-cold phosphate buffer containing protease inhibitor cocktail (Sigma Chemical, St. Louis, MO), and the total protein was extracted using NE-PER Cytoplasmic Extraction Reagents (Pierce, Rockford, IL). The total protein concentration in tissue extract was determined using a protein assay kit (Bio-Rad Laboratories, Hercules, CA) and used for normalizing chemokine levels in renal tissues. Western blot analysis. Whole kidneys were homogenized in icecold lysis buffer (20 mM HEPES, 75 mM NaCl, 2.5 mM MgCl 2, 0.1 mM EDTA, 0.1% Triton X-100, and 1/10 volume of a protease inhibitor solution consisting of 25 g/ml antipain, 1 g/ml aprotinin, 0.5 g/ml leupeptin, 0.7 g/ml pepstatin, and 200 M phenylmethylsulfonyl fluoride). The homogenate was centrifuged at 15,000 g at 4°C for 20 min. Protein contents of the supernatant were determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories). Samples (30 g of protein) were separated on a 10% sodium dodecyl sulfatepolyacrylamide gel and transferred to a polyvinylidene difluoride membrane. The membranes were blocked 1 h at room temperature in 5% milk solution (50 mM Tris·HCl, 100 mM NaCl, and 0.1% Tween-20 at pH 7.5). Subsequently, the membranes were incubated with goat anti-mouse ICAM-1 polyclonal antibody (1: 500; Santa Cruz Biotechnology, Santa Cruz, CA) or goat anti-human VCAM-1 polyclonal antibody (1: 500; Santa Cruz Biotechnology) in blocking solution overnight at 4°C. After being washed, membranes were incubated with bovine anti-goat horseradish peroxidase-conjugated antibody (1:3,000; Santa Cruz Biotechnology) in blocking solution at room temperature for 1 h. Membranes were developed using the enhanced chemiluminescence ECL kit (GE Healthcare, Buckinghamshire, UK) and exposed to film (Hyperfilm-ECL; GE Healthcare). Films were scanned and analyzed with the use of the Image Quantity Program (Scion) to obtained integrated densitometric values. The intensity of band was expressed as fold changes compared with control WT (100%).
Nuclear factor-B transcription factor assay. Nuclear protein was extracted from kidneys with a nuclear extract kit (Active Motif, Carlsbad, CA) according to the manufacturer's instruction. Protein concentrations of nuclear extract were determined with the use of a protein assay kit (Bio-Rad Laboratories). Transcription factor nuclear factor-B (NF-B) activity in kidneys was determined with the use of the TransAM NF-B p65 assay kit (Active Motif, Carlsbad, CA) following the manufacturer's protocol. In brief, nuclear proteins were added into each well coated with an unlabeled oligonucleotide containing the consensus binding site for NF-B (5=-GGGACTTTCC-3=) and incubated for 1 h. After washing was completed, a primary antibody directed against the NF-B p65 subunit was added and incubated for 1 h. Subsequently, a secondary antibody conjugated to horseradish peroxidase was applied for 1 h. A colorimetric reaction was developed with addition of a developing solution and terminated by a stop solution. The plate was read at 450 nm with an absorbance microplate reader (Molecular Devices, Downingtown, PA).
Statistical analysis. All values are expressed as means Ϯ SE. The significance of differences among groups was evaluated using oneway analysis of variance following by a Bonferroni's adjustment for multiple comparisons. Differences were considered statistically significant at P Ͻ 0.05.
RESULTS
As shown in Fig. 1 , administration of LPS caused a transient fall of MAP and bradycardia in both groups of mice, and the changes in MAP and HR were similar in WT and TRPV1
Ϫ/Ϫ mice, respetively). MAP and HR returned to the baseline by 1 h after LPS injection in both strains.
General morphological view of kidneys ( Fig. 1) was not different between TRPV1
Ϫ/Ϫ and WT mice before LPS treatment, with typical glomeruli occasionally containing a few numbers of red blood cells. Twenty four hours after LPS treatment, WT mice displayed slight renal injury with generalized hypercellularity but well-preserved glomerular morphology. In contrast, renal injury induced by LPS treatment in TRPV1 Ϫ/Ϫ mice included parenchymal red blood cell congestion especially in glomeruli, resulting in the fading of intact glomerular structure.
As shown in Fig. 1 , serum creatinine levels in WT mice were not elevated 6 or 24 h after LPS treatment. In contrast, serum creatinine levels were not altered 6 h but markedly elevated 24 h after LPS treatment in TRPV1 Ϫ/Ϫ compared with WT mice (0.59 Ϯ 0.05 vs. 0.40 Ϯ 0.05 mg/dl, P Ͻ 0.05).
Neutrophil recruitment is a feature of endotoxin-induced inflammation. As demonstrated in Fig. 2 , neutrophil infiltration in the kidneys of WT mice was markedly increased 6 h after LPS administration, with gradually diminishing infiltration 24 h after LPS injection. There was an intensified neutrophil infiltration in the kidneys of TRPV1 Ϫ/Ϫ compared with WT mice either 6 or 24 h after LPS treatment (6 h, 87 Ϯ 4 vs. 46 Ϯ 3 neutrophils/mm 2 ; 24 h, 40 Ϯ 4 vs. 16 Ϯ 2 neutrophils/mm 2 , P Ͻ 0.05). Given that TNF-␣ is known to contribute to endotoxininduced tissue damage, TNF-␣ levels in blood were examined using ELISA. As shown in Fig. 3 , serum TNF-␣ levels markedly increased in WT mice 6 h after LPS injection, with substantial levels remaining at 24 h. Serum TNF-␣ levels after LPS were greater in TRPV1 Ϫ/Ϫ compared with WT mice at 6 h (252 Ϯ 29 vs. 168 Ϯ 19 pg/ml, P Ͻ 0.05) but not 24 h after LPS injection.
TNF-␣ controls expression of a number of cytokines, which were quantitatively determined as shown in Fig. 3 . Serum IL-1␤ and IL-6 increased after LPS challenge in WT and TRPV1 Ϫ/Ϫ mice, and the patterns of changes were similar to that of TNF-␣. Enhanced elevation of serum IL-1␤ and IL-6 was observed in TRPV1 Ϫ/Ϫ compared with WT mice 6 h but not 24 h after LPS injection (IL-1␤, 295 Ϯ 29 vs. 196 Ϯ 19 pg/ml; IL-6, 3,860 Ϯ 372 vs. 2,457 Ϯ 281 pg/ml, P Ͻ 0.05).
Levels of chemotactic molecules in the kidney were determined 6 or 24 h after LPS challenge as shown in Fig. 4 . Renal levels of neutrophil chemoattractants, KC and MIP-2, markedly increased in WT and TRPV1
Ϫ/Ϫ mice 6 h after LPS treatment, with a greater degree in the latter group (KC, 456 Ϯ 40 pg/mg protein vs. 636 Ϯ 79 pg/mg protein; MIP-2, 41 Ϯ 5 pg/mg protein vs. 65 Ϯ 4 pg/mg protein, P Ͻ 0.05). KC but not MIP-2 remained slightly elevated 24 h after LPS treatment with no difference between WT and TRPV1 Ϫ/Ϫ mice. Western blot analysis showed that renal expression of an adhesion molecule, VCAM-1, was markedly elevated in WT mice 6 h after LPS challenge, with substantial levels remaining at 24 h (Fig. 5) . Enhanced upregulation of VCAM-1 was seen in TRPV1
Ϫ/Ϫ compared with WT mice 6 h but not 24 h after LPS treatment (1,123 Ϯ 111% of control WT vs. 735 Ϯ 79% of control WT, P Ͻ 0.05). In contrast, ICAM-1 expression increased in WT and TRPV1
Ϫ/Ϫ mice 6 h after LPS treatment, which further increased at 24 h with a bigger magnitude in 
TRPV1
Ϫ/Ϫ compared with WT mice (1,350 Ϯ 126% of control WT vs. 875 Ϯ 144% of control WT, P Ͻ 0.05).
As shown in Fig. 6 , analysis of a marker of monocyte/ macrophages (F4/80) showed significantly increased staining of F4/80 in the kidney of WT and TRPV1
Ϫ/Ϫ mice 24 h but not 6 h after LPS treatment, with a greater level in the latter group (31 Ϯ 3 F4/80 positive cells/mm 2 vs. 47 Ϯ 6 F4/80 positive cells/mm 2 , P Ͻ 0.05). NF-B activity in the kidney in response to LPS treatment was determined and shown in Fig. 7 . Renal NF-B activity was markedly increased in WT mice 6 h after LPS injection. LPS treatment further enhanced NF-B activity in TRPV1 Ϫ/Ϫ compared with WT mice (56.1 Ϯ 3.5 ng/mg protein vs. 41.7 Ϯ 3.9 ng/mg protein, P Ͻ 0.05).
The effect of the TRPV1 antagonist CAPZ on renal neutrophil infiltration and serum TNF-␣ levels in WT and TRPV1 Ϫ/Ϫ mice was also determined. As demonstrated in Fig. 8 , blockade of TRPV1 with CAPZ further increased renal neutrophil infiltration and serum TNF-␣ levels 6 h after LPS treatment (45 Ϯ 3 neutrophils/mm 2 vs. 80 Ϯ 7 neutrophils/mm 2 ; 168 Ϯ 20 pg/ml vs. 244 Ϯ 22 pg/ml, P Ͻ 0.05) in WT but not TRPV1 Ϫ/Ϫ mice.
DISCUSSION
The major finding of this study is that targeted ablation of TRPV1 led to further impaired renal structural and functional injury after LPS injection. More severe renal damage observed in TRPV1
Ϫ/Ϫ mice occurred in the absence of worsened hypotension compared with WT mice and was characterized with enhanced early neutrophilic inflammation followed by aggravated macrophage infiltration in the kidney in response to LPS injection. Furthermore, increased inflammatory responses in TRPV1 Ϫ/Ϫ mice included heightened production of serum proinflammatory cytokines, renal proinflammatory chemokine, and renal adhesion molecule expression as well as NF-B activity. These results lead to conclusive evidence showing that TRPV1 contributes to the regulation of LPS-induced renal inflammation in vivo.
The role of TRPV1 in systemic and renal inflammation induced by LPS is largely unknown, albeit Helyes et al. (15) reported that TRPV1 is protective against acute lung inflammatory injury induced by intra-tracheal administration of LPS. The results from the present study demonstrate for the first time in vivo that deletion of TRPV1 exaggerates systemic and renal inflammatory responses induced by LPS. It is known that inflammatory mediators contribute to pathophysiology of endotoxin-induced renal injury, with TNF-␣ playing a central role in this process (7, 8, 19, 20) . TNF-␣ has been shown to magnify inflammatory or tissue injury responses induced by other cytokines and/or bioactive substances including IL-1␤, nitric oxide, and adhesion molecules (25) . In the present study, serum IL-1␤ and IL-6 production was also enhanced in accompanying elevated serum TNF-␣ levels within the same time frame in TRPV1 Ϫ/Ϫ mice. Thus the increased inflammatory response to LPS after ablation of TRPV1 may rely on enhanced production of injurious proinflammatory cytokines including TNF-␣, IL-1␤, and IL-6.
Exaggerated inflammatory responses to LPS after deletion of TRPV1 gene were also evident with aggravated neutrophil infiltration in the kidney. Neutrophils, mediators of tissue injury in inflammatory diseases (4, 23) , may produce an array of proinflammatory mediators including oxygen-free radicals, neutrophil-specific proteases, and products of lipid peroxidation that could be harmful to cells (11) . Thus enhanced release of these products due to aggravated neutrophil infiltration in the kidneys of TRPV1 Ϫ/Ϫ mice or when TRPV1 is pharmacologically blockaded may lead to irreversible renal damage. The increased neutrophil infiltration after TRPV1 ablation or blockade may underlie, at least in part, LPS-induced renal tissue and function injury observed in TRPV1
Ϫ/Ϫ mice as well as in WT mice with pharmacological blockade of TRPV1. Chemokines, a special subtype of chemotactic cytokines, play a critical role in leukocyte recruitment in the face of inflammatory conditions (2) . Based on the spacing of the amino terminal cysteine residues, chemokines are classified into four subfamilies: CXC, CC, C, and CX3C (24) . In general, the CXC chemokines including CXCL1/KC and CXCL2/MIP-2 are regarded as potent chemoattractants for neutrophils (24) . Consistent with the observation, we found that KC and MIP2 concentrations in the kidney further increased along with enhanced neutrophil infiltration in response to LPS in TRPV1 Ϫ/Ϫ mice. Moreover, although the patterns of changes in chemokines and neutrophils were similar, the effect of these chemokines appeared lasting given that changes in neutrophil infiltration lagged behind that of chemokines. These data indicate that TRPV1-induced attenuation in neutrophil infiltration could be the result of inhibition of chemokine expression. ICAM-1 and VCAM-1 are members of adhesion molecule family known to mediate tight adherence of leukocytes to endothelial cells (1, 30) . Also, ICAM-1 has been shown to play a major role in the recruitment of neutrophils to numerous tissues (10, 29) . In the present study, however, renal VCAM-1, but not ICAM-1 expression, was further elevated 6 h after LPS injection in TRPV1 Ϫ/Ϫ compared with WT mice, which coincided with the timeline of exacerbated renal neutrophil infiltration, i.e., 6 h after LPS injection, in TRPV1 Ϫ/Ϫ mice. These results suggest and are consistent with the notion that VCAM-1 may facilitate the egress of neutrophils into the kidney in hosts with high cytokine levels (16) albeit VCAM-1 was not originally recognized as an important mediator of neutrophil infiltration.
In addition to neutrophils, monocyte/macrophage function has been shown to be modulated during sepsis. When stimulated, monocytes/macrophages differentiate into distinct phenotypes including classically activated and alternatively activated macrophages that have been shown to be involved in microbicidal and tissue repair process, respectively (13) . In the present study, monocyte/macrophage infiltration was further enhanced 24 h after LPS injection in TRPV1 Ϫ/Ϫ mice. The timeline of increased monocyte/macrophage infiltration in the kidney of TRPV1 Ϫ/Ϫ mice overlapped with that of enhanced ICAM-1 expression, i.e., 24 h after LPS injection in these mice. These results are consistent with the recent reports showing that ICAM-1 also contributes to the regulation of monocyte/macrophage infiltration (26, 28) despite the notion that VCAM-1 is originally recognized as the important component mediating tight adherence of monocytes to endothelial cells. Further functional studies of monocytes/macrophages are required for elucidating the role of different phenotypes of macrophages in endotoxin-induced renal damage.
Many genes encoding protein products involved in inflammatory responses are regulated at the transcription level by the transcription factor NF-B. Once activated by LPS, NF-B leads to the release of a number of inflammatory mediators, including cytokines, chemokines, and adhesion molecules (3, 14) . In the present study, we found that deletion of TRPV1 further enhanced LPS-induced renal NF-B activity. These data suggest that inhibition of NF-B activity may be a potential mechanism underlying TRPV1-mediated anti-inflammatory effects.
In addition to the prospect that TRPV1 per se may suppress inflammation during LPS challenge (6, 33) , TRPV1-mediated release of sensory neuropeptides including calcitonin generelated peptide and substance P may also affect the inflammatory processes (12) . Further studies distinguishing the direct or downstream molecule effects of TRPV1 are required for better understanding of potential mechanisms of TRPV1 in mediating the inflammatory responses. While the present study used inbred C57/BL6 mice as WT mice compared with TRPV1 Ϫ/Ϫ mice backcrossed six generations on the C57/BL6 strain, limitations exist. Genetic variability may occur with the possibility of small percentage of the genes being non-C57 genes in the knockout, thus the use of inbred C57/BL6 mice instead of littermates as controls might be less optimal albeit pharma- cological blockade of TRPV1 in WT mice showed similar results as that in TRPV1 Ϫ/Ϫ mice after LPS injection. Nevertheless, to obtain a more accurate picture of the effect of TRPV1 on LPS-induced inflammation, future studies are needed with the use of TRPV1 Ϫ/Ϫ mice and its littermates. In summary, the results of the study show that ablation or blockade of TRPV1 aggravates LPS-induced renal tissue and functional damage in the absence of worsened hypotension. The renal injury is accompanied with enhanced neutrophil and macrophage infiltration in the kidney and augmented induction of serum cytokines, renal chemokines, and renal adhesion molecules. These results indicate that TRPV1 is activated during LPS challenge, which may constitute a protect mechanism against LPS-induced renal injury via reducing renal inflammatory responses.
Perspectives and Significance
TRPV1-mediated protection against endotoxin-induced renal damage was demonstrated by targeted ablation of TRPV1 as well as by pharmacological blockade of TRPV1. These data support the notion that TRPV1 plays an important role in the pathophysiology of endotoxin-induced renal injury. Given the devastating outcomes of sepsis, it is intriguing to accommodate the possibility that modulation of TRPV1 function as therapeutic strategies for treating and preventing endotoxin-induced renal tissue and functional damage. 
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). 
AUTHOR CONTRIBUTIONS
